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Abstract 
Sun is an unlimited energy source and it may be used to replace internal combustion engines in Hybrid Electric 
Vehicles (HEV’s).   Through concentrated solar thermal energy stored in thermal batteries with phase changing 
materials it’s possible to drive thermal engines for generating electricity on board, thus reducing the amount of 
electrical batteries required.   Therefore, optimization through advanced control techniques is needed, provided that 
transformation from thermal to electrical energy has low efficiency.  Optimization is achieved by means of system 
identification and custom parameters design and is applicable to any sun powered plant using the technology of 
concentrated thermal energy.  The current development includes a prototype of a small campus vehicle with 60 Km 
range, and combines concepts of user-centred design to generate acceptance of Sun-powered systems.  Moreover, 
excess energy generated in the vehicle is used to provide electric energy for houses.  Finally, the concept of 
transformation from any Electric Vehicle to Sun powered Thermal-HEV is introduced. 
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1. Introduction 
This paper presents a novel approach on using solar energy in vehicles with the aim of eliminating 
pollution by generating the required energy on board without combustion and therefore reducing by a 
100% CO2 generation. 
The approach is based on the concept of hybrid serial electric vehicles and concentrated high 
temperature solar thermal energy stored in thermal storage tanks that is used for driving thermal engines 
as Stirling engines or Brayton turbines, which produce the required electric energy on board.  
The concentrated solar thermal energy is harness through Fresnel lens with minimized tracking and 
reduced cost. The thermal energy storage is based on high temperature phase change materials (PCM) 
that can accumulate thermal energy at a high volumetric density. These basic components and concepts 
are described in this paper through the development of a proof of concept golf cart that is converted into a 
hybrid small campus vehicle. The basic scheme of this concept car is shown at Fig. 1. 
 
 
Nomenclature 
 
Ar required current  
to  time of operation 
Er Wheel resistance energy 
Eair Air resistance energy 
Epot Potential energy 
Eacc Acceleration energy 
cr Wheel resistance coefficient  
m Vehicle mass (empty) 
g Gravitational acceleration 
s Distance 
cd Air drag coefficient 
Af Frontal area 
ρ Air density 
h Height  
mef Effective maximum vehicle mass 
v Velocity 
 
1.1. Why Thermal Energy in Hybrid Vehicles 
Hybrid Vehicles have been providing a temporary solution to the issues of contamination and fossil 
oils shortage, but don’t present a definite solution.  An alternative source of energy different from oil and 
not requiring internal combustion engines present a better approach to the problem.  The following work 
proposes an innovative type of vehicle that won’t require oil nor combustion to work, and operates 
entirely with sun power.  The solution presented is been implemented on a prototype golf cart intended for 
campus usage as proof of concept only; afterwards it will be scaled to bigger vehicles.  Advanced control 
techniques for energy management and distribution are required on board as well as innovative solutions 
for energy storage.   
 
The thermal storage system works as a clean and constant energy source at the cost of complex and 
expensive insulation materials for storage, also the best materials for thermal storage may present diverse 
reactions at such high temperatures therefore making the thermal storage either expensive or very heavy.  
Portability of these storage systems is one of the challenges for scalability. 
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Fig. 1. Serial configuration for the thermal hybrid vehicle, bold lines represent heat exchanging, multiple lines AC power, and white 
lines DC power. 
The purpose of this work is to demonstrate that it is possible to drive the Stirling technology with sources 
other than Internal Combustion in order to eliminate CO2 emissions, thermal presents itself as a better 
option than fully electrical vehicles since the usage of  batteries is reduced and the range can be extended 
easily as the  insulation and efficiency of conversion from thermal to electric energy improves, also 
recharging time is highly reduced in warmer climate.  Battery disposal is another threat to environment 
that is been aimed to be reduced with the present work.   
2. Scheme of thermal powered HEV 
The chosen configuration for this particular hybrid vehicle is serial.  In serial vehicles propulsion 
system is entirely electric, while energy supply can be powered by alternative sources.  Energy supply for 
this conceptual thermal hybrid electric vehicle comes from high temperature thermal battery that stores 
concentrated solar energy with phase changing materials.  This innovative system for thermal storage is 
not discussed in this paper as it is the content of other publications [1].  The thermal battery connected to 
a Stirling engine provides electric energy supply for the vehicle.  
 
The proposed system eliminates entirely the use of oil or any combustion system and does not require 
extra electric inputs, making this vehicle self-sustainable by using thermal storage and on board electric 
generation.  The same principle used in current HEVs but using external heat sources instead of internal 
combustion engines, a concept never used before on a vehicle. 
 
The serial scheme provides an electric output that is not necessarily continuous, Stirling technology 
provides unstable electrical outputs on the first minutes of operation however driving conditions are 
maintained with an optimized battery system.  
 
Finally, power conversion module keeps optimum state of charge in batteries while ensuring driving 
conditions are not altered by instabilities at the thermal portion of the vehicle.  While ensuring a smooth 
operation, the power conversion module also maintains optimal operation points as long as possible 
through all the driving range. 
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3. Thermal concentration and storage systems 
As a vital part of the whole system, an innovative system for solar concentration has been developed 
by the authors in previous works.  The system performs minimum movement for solar tracking by using a 
system of vertical moving mirrors and Fresnel lenses [2].  In order to achieve maximum concentration of 
solar radiation, control algorithms are developed and new solutions for control feedback are necessary.   
The vehicle itself can’t capture solar energy, a separate sun concentrator is being built in order to achieve 
and maintain a temperature of 1000 °C concentrated in a tank or thermal battery that is then loaded on the 
cart, the sun concentrator as a separated system for the cart requires its own unique control system as it’s 
an innovative concept in solar tracking based on micro heliostats (see Fig.2). 
 
The system delivers thermal energy to the Thermal Storage Tank (TES) shown in figure 3 with an 
exploded view and the parts list. The concentrated radiation impacts on the conducting cylindrical flat 
plate (9) and is distributed by means of conducting rods (12) to the boxes formed by the conducting fins 
(10) that contain the phase changing material.  
Fig. 2. Schematic representation of sun tower (concentration Fresnel lenses)  
 
 
 
 
 
 
 
 
 
 
Fig. 3. CAD for thermal storage unit   
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Figure 4. Thermal Energy Storage assembled in cart 
 
 The internal temperature depends on the phase-changing material being used. The temperature inside the 
tank may be as high as 800 °C. However the insulation is designed to keep exterior temperature of the 
tank not higher than 40°C. 
 
As the previous batteries were removed, the available space is used to position the thermal storage tank, a 
system of heat exchange and the Stirling engine, figure 4 shows the complete assembly of the parts on the 
empty back of the golf cart.  Heat exchanging systems from microgen® are being used [3].  
4. Energy requirements 
As the purpose of the authors is not to build cars but to add a new conceptual solution to provide the 
required energy for range extenders, prototypes are developed from existing electric vehicles.  In this case 
a golf cart from ClubCar has been modified to fit the requirements of this investigation with minimum 
changes to the structure and few electric modifications.  The amount of batteries is minimized based on 
equation (1) where the required energy output is calculated from energy measurements from real driving 
cycle (2).  The total energy consumption of the system is calculated by adding together the equations; 
parameters and results are presented in table 1 and 2. The proposed system uses high temperature thermal 
storage for providing the required energy for the golf car for transportation within campus and other close 
locations.  For the first prototype a 1 kW free piston Microgen® Stirling engine is being used. A material 
with latent heat of fusion over 280 kJ/kg is an option, as any material with this characteristic or better 
allow to use a tank of less than 180 kg therefore compensating the weight removed in batteries: as each 
lead acid battery contains approximately 0.6 to 0.7 kW*h the total energy to be provided by the thermal 
energy storage is 16 kW*h considering an efficiency of conversion of the Stirling engine of 25%. 
therefore salt (NaCl) is considered a feasible phase changing material to be used for the first prototype [1] 
with a fusion point 801°C. Another feasible solution is using aluminum as its latent fusion energy is 397 
kJ/kg and its melting temperature 660 °C. When using NaCl the mass of PCM is approximately 170 kg 
and by using aluminum the mass is approximately 125 kg. The target of the research is to use much 
higher thermal energy densities as provided by evaporation of aluminum at 2519 °C as it latent heat of 
Heat Exchanger 
Stirling engine 
Thermal 
conducting plate 
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evaporation is 10600 kJ/kg thus requiring only 5 kg of PCM.  Such high temperatures require special 
considerations for the insulation and security that are under research at this point. 
 
The energy requirement is calculated based on a real driving cycle, by calculating the distance between 
several locations and measuring the average speed as the locations are reached, assumptions in the model 
are constant acceleration at engine start, constant speed between two given locations and differences in 
height are not significant but still used for adding to energy consumed by acceleration.    Given this data 
and due to the 25% maximum efficiency of conversion from thermal to electrical an estimated thermal 
energy is calculated.  
 
       (1) 


        (2) 
 
 
 
 
 
 
 
 
 
 
 
Table 1. Parameters from vehicle 
 
 
 
 
 
 
 
 
 
 
 
Table 2. Results for Energy 
 
 
Parameter Amount(kWh) 
Energy Spent (1 hr) 2.7 
Energy at wheels 0.28 
Potential energy 
Energy consumed by acceleration 
Energy consumed by air drag 
Energy consumed by rolling resistance 
Estimated thermal energy 
0.013 
0.09 
0.06 
0.12 
4 
Parameter Amount  
Vehicle weight 700 kg 
Front Surface 2.1 m2 
Air drag coefficient 
Tire rolling coefficient 
Electric output Stirling  
Power output Electric motor 
SOC at start of run 
Efficiency in batteries 
Maximum thermal energy in tank 
0.32 
0.009 
1.1 
2.3 
60% 
0.85 
24 
 
 
kW 
kW 
 
 
kW 
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Fig. 5. Energy profile at different velocities 
Fig. 6. Energy profile at different velocities 
 
 
Fig. 5. Energy profile at different velocities 
 
Several parameters for calculation were measured; thermal parts are simulation results from the 
thermal tank development. Figure 5 shows the result of simulation and calculation for a small campus car 
at different velocities for the full extended range, as expected the operation point that is the objective of 
this research consumes the least energy (velocity between 15 and 30 km/h).   Notice that the purpose of 
the simulation is to find the best operating speed so control systems on the vehicle will help to achieve 
and maintain this velocity resulting in better overall performance. As a result, the total amount of batteries 
to ensure smooth operation is calculated, a minimum set must be at 14 Ah and then a 1.5 security added. 
The original 6 batteries that come from factory with every golf car (each of 8 Volts and 170 Ah each) 
were replaced by a set of 40 D size cells of NiMH with a total capacity of 20 Ah as a result of these 
previous calculations, original voltage of 48 V is maintained, and only energy storage capacity is being 
modified (from 170 Ah is being reduced to 20 Ah, the vehicle can be operated under normal driving cycle 
but for a reduced amount of time) 
 
5. Optimization and future  
Charge and discharge of batteries must be optimal to improve the range of the vehicle after reducing 
batteries to a minimum and setting the installation for thermal range extender.  After optimization better 
electrical behavior has been reached [4] and with a new set of batteries of only 20 Ah, which is 15% of 
the original capacity of the vehicle, a 30% of the total range has been reached, without using deep 
discharge rates, this improvement is seen when comparing the normal operation cycle of golf carts with 
lead acid batteries that are not using any other source of energy, discharge profiles for 10 times the energy 
capacity in batteries barely reach curves with 4 times the range presented by the current system.  This 
proves that further optimization of electric systems in vehicles [5] can help to reduce the minimum 
amount of batteries when using a range extender such a solar thermal unit or internal combustion engines, 
allowing the use of alternative energy sources with lower efficiency rates. 
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A real discharge rate profile for a normal operating cycle can be found in fig. 6, upper values are 
voltage (the electric system works at 48V) and lower values are current.  Stable values of discharge have 
been reached with minimum changes to the electric system of the vehicle.   
 
 
Thermal units, that will allow storage of up to 30 kWh will lead to excess energy every day, since the 
source of this heat is the sun, it’s constantly recharged, this excess energy can be used for household as 
the system provides AC as a primary source of energy for the vehicle, simple synchronization will allow 
this kind of vehicles to provide electric energy for houses when parked without jeopardizing availability 
of the vehicle in the next operation. 
 
Further development of driving cycles will help the optimization cycle. 
 
6. Conclusions 
It is possible to easily convert electrical vehicles to hybrid vehicles with an extended range without 
using internal combustion engines.  This change comes with challenges in optimization of the batteries 
system, charge and simultaneous discharge on board, and for the particular solution of sun powered HEVs 
storage systems need further development.  Currently the authors are working in filling the gaps of 
thermal storage by using state of the art technology and latest refractory materials, but reduced weight is 
still an area of opportunity.  A design factor is involved in every aspect of the development as the 
acceptance of the technology is vital for further work.   
 
 
 
 
 
 
Fig. 7. Discharge profile 
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